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Abstract Sediment starved passive margins, particularly those of insular slopes,
display significant mass transport activity despite the absence of
environmental stresses from high sedimentation rates. The “Menorca
Channel” represents the up to 120 m deep shelf sector connecting
the Menorca and Mallorca Islands (Balearic Islands – Western
Mediterranean). South of the Menorca Channel submarine gravitational
processes have been mapped and interpreted from swath-bathymetry,
TOPAS parametric echosounder and deep-towed videos. The shelf-break
is located at an average depth of 140 m, and sediment instability is a
widespread phenomenon. The slope region south the Menorca Channel
shows a number of submarine canyons disrupting the outer shelf. The
north-easternmost canyon is the more active feature, with an incised
axis and scars shaping the flanks up to their edges. Headwall scarps,
between 140 and 700 m depth, are up to 20 m high. The shallower
scarps producing slab-type failures have carved the outer edges of
planar sedimentary bodies interpreted as formed in shallow environments
during previous glacial stages. Results show that a variety of sediment
instability processes extensively shape the southern upper slope of the
Menorca Channel. Submarine canyons develop on the Emile Bodout
Escarpment (EBE), a passive tectonic feature which bounds the slope
region of the study area. A number of knickpoints within the canyons
suggest backward erosion control on mass wasting and, at the same
time, that slope failure is one of the main drivers for canyon upslope
migration. Steep gradients of the upper slope, the presence of weak layers
and the action of major storms during lowstand stages are additional
factors likely to influence the distribution and frequency of mass wasting
processes in this area.
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Abstract Sediment starved passive margins, particularly those of insular slopes, 7
display significant mass transport activity despite the absence of environmental 8
stresses from high sedimentation rates. The “Menorca Channel” represents the up 9
to 120 m deep shelf sector connecting the Menorca and Mallorca Islands (Balearic 10
Islands – Western Mediterranean). South of the Menorca Channel submarine 11
gravitational processes have been mapped and interpreted from swath-bathymetry, 12
TOPAS parametric echosounder and deep-towed videos. The shelf-break is located 13
at an average depth of 140 m, and sediment instability is a widespread phenomenon. 14
The slope region south the Menorca Channel shows a number of submarine canyons 15
disrupting the outer shelf. The north-easternmost canyon is the more active feature, 16
with an incised axis and scars shaping the flanks up to their edges. Headwall 17
scarps, between 140 and 700 m depth, are up to 20 m high. The shallower scarps 18
producing slab-type failures have carved the outer edges of planar sedimentary 19
bodies interpreted as formed in shallow environments during previous glacial stages. 20
Results show that a variety of sediment instability processes extensively shape the 21
southern upper slope of the Menorca Channel. Submarine canyons develop on the 22
Emile Bodout Escarpment (EBE), a passive tectonic feature which bounds the slope 23
region of the study area. A number of knickpoints within the canyons suggest 24
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backward erosion control on mass wasting and, at the same time, that slope failure is 25
one of the main drivers for canyon upslope migration. Steep gradients of the upper 26
slope, the presence of weak layers and the action of major storms during lowstand 27
stages are additional factors likely to influence the distribution and frequency of 28
mass wasting processes in this area. 29
29.1 Introduction 30
Submarine landslides are present across the full range of continental margins,
AQ2
31
tectonic settings (Hampton et al. 1996) and oceans (Weaver et al. 2000; Huhnerbach
AQ3
32
et al. 2004; Chaytor et al. 2009). Seafloor instability is triggered when the driving 33
stresses acting on the slope exceed the resisting forces (Hampton et al. 1996). 34
The factors that may induce submarine slope failure are divided between those 35
that increase the driving stress (e.g. earthquakes) and those that reduce the shear 36
resistance (e.g. high sedimentation rates, non-equilibrium consolidation and pore 37
pressure build-up). Earthquakes typically occur on tectonically active margins, 38
while high sedimentation rates are characteristic of continental margins fed by large 39
river systems. Passive margins of insular slopes are devoid of large earthquakes and 40
onshore watersheds are relatively small, implying that large river systems cannot 41
be formed and therefore sediment delivery to the adjacent continental margins is 42
rather limited. Despite the overall lack of these typical trigger mechanism and 43
pre-conditioning factors for slope instability, submarine landslides are ubiquitous 44
on some sediment-starved insular slopes such as those of the study area. In this 45
study we present a morphological characterization of the mass wasting processes 46
observed along the southern margin of the Balearic Promontory, between Menorca 47
and Mallorca Islands (Balearic Islands – Western Mediterranean) (Fig. 29.1a). The 48
main aims are to explore the factors that induce submarine slope failure in this 49
environment and to better highlight the controls on the long-term evolution of 50
sediment undersupplied insular slopes. 51
29.2 Geological Framework 52
The Balearic Promontory is a structural elevation including four major islands (from 53
west to east: Ibiza, Formentera, Mallorca and Menorca) resulting from successive 54
pre-Oligocene subduction of Africa beneath Eurasia, Oligocene rifting and oceanic 55
accretion during the Miocene (Acosta et al. 2001). The Promontory separates the 56
Balearic–Provenc¸al Basin to the north from the Algero-Balearic Basin to the south 57
(Acosta et al. 2002). The study area lies on the southern flank of the Menorca 58
Channel between the islands of Mallorca and Menorca (Fig. 29.1a). A NE–SW 59
steep scarp, the Emile Baudot Escarpment (EBE) bounds the southern margin of 60
the Promontory, including the Menorca Channel (Fig. 29.1a). The EBE has been 61
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Fig. 29.1 (a) Bathymetry of the study area south of the Menorca Channel. Black boxes mark
locations of detailed maps shown in Fig. 29.2. Lower case letters indicate the position of the images
in Fig. 29.4. Red line shows location of parametric profile in Fig. 29.5. White stars show dredging
locations. Inset shows location of the study area. (b) Interpretation of bathymetric data. Colored
numbers indicate thalweg long profiles in Fig. 29.3
interpreted as evidence of the right-lateral strike–slip fault system that bounds 62
the south Algero- Balearic basin (Mauffret et al. 2004). It is worthy to note the 63
absence of earthquakes along the fault in the last 80 years (IGN, USGS), indicating 64
the aseismic character of this feature. In the study area, the Menorca submarine 65
canyon and other minor incisions converge towards a narrow channel (the South 66
Mallorca Trough) that feed the Menorca Fan, a wide fan-shaped area along the 67
base of the EBE (Camerlenghi et al. 2009). The Menorca channel has reduced or 68
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null river sediment inputs. Sediments composing the seafloor mainly originate from 69
local coastal erosion processes and by a variable carbonate production of bioherms 70
(Barbera` et al. 2012). 71
29.3 Methods 72
The data presented in this study was primarily collected for the INDEMARES-LIFE 73
Project (www.indemares.es) of the Instituto Espan˜ol de Oceanografia (IEO) and the 74
Institut de Cie`ncies del Mar (ICM-CSIC). Multi beam data were acquired during 75
five cruises between 2010 and 2012 with a Simrad EM302 on the RV Miguel Oliver. 76
Processing and visualization of bathymetric data were performed with CARIS HIPS 77
system and ARC-GIS respectively. TOPAS PS18 high-resolution seismic records 78
and rock dredges were collected in 2012 by IEO on the RV Miguel Oliver. Video 79
surveys were conducted using the manned submersible JAGO (GEOMAR) in depths 80
of 120–400 m. Video analysis was performed with the Final Cut software. 81
29.4 Results 82
The continental margin south off the Menorca and Mallorca Islands presents a 83
width of 10–20 km and is mainly characterized by several lineations. These 84
features display a curved morphology generally parallel to the bathymetric contours 85
(Fig. 29.1). At least 8 bars, likely representing beachrock deposits, are recognized 86
for a 90–110 m depth range (Fig. 29.1b). The shelf break, 120 m deep, is relatively 87
sharp and indented by few canyons, particularly off Mallorca (Fig. 29.1). Off the 88
shelf break, the upper slope is relatively smooth and has a terraced morphology 89
(Figs. 29.1a and 29.2a). These terraces display also a smooth morphology that is 90
only disturbed by Mass Transport Deposits (MTD) with hummocky morphology 91
(Figs. 29.1b and 29.2c). The upper reaches of the slope display few canyons in 92
the whole survey area. The only major canyon is the Menorca Canyon which 93
evolves from the southern Menorca slope; it is well incised on the continental 94
shelf and has well developed side valleys (Fig. 29.1). In between Menorca and 95
Mallorca, off the Menorca Channel, the erosional features are rather shallow and 96
do not incise significantly on the shelf (Fig. 29.1). These features resemble channels 97
rather than canyons. Off south Mallorca, no major canyons develop, despite the 98
middle slope showing pervasive gullying (Figs. 29.1 and 29.2). From north to 99
south, the long profile of the canyons-channels-gullies shows increasing evidence 100
of non-equilibrium conditions, with several knickpoints present within the gullies 101
off Mallorca (Fig. 29.3), some of them related to failure scars (Figs. 29.1 and 29.3). 102
Some knickpoints show elevations that exceed 200 m, with long-profile slopes that 103
are remarkably different upslope and downslope from the knickpoint (Fig. 29.3). 104
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Fig. 29.2 Details of multi beam bathymetry showing (a) slab slides at the side flank of a submarine
canyon (b) slab like stepped landslide scars at the head and interfluve of submarine canyons
(c) hummocky MTD originating from littoral terrace/depositional body with beach rocks and
(d) cyclic steps within submarine channel/canyon (see Fig. 29.1a for location)
Fig. 29.3 Canyon long profiles (left) of selected canyons along the southern margin of the
Menorca southern slope showing prominent and some more conspicuous knickpoints (arrows).
Slope gradients with depth for the same canyons are shown to the right. For location of long-
profiles see colored numbers in Fig. 29.1b
Analysis of video records (Fig. 29.4) shows that rocky outcrops generally 105
coincide with the headscarps of landslides and show strata heads (Fig. 29.4a) and 106
sub-vertical walls (Fig. 29.4b). Sediments along the shelf margin and the upper 107
slope are mainly composed of bioclastic medium to coarse sands and gravels, 108
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Fig. 29.4 Images extracted from the Jago video records on the Menorca upper slope, (a) strata
head outcrops along a landslide scar, (b) tens of meters deep sub-vertical scar entirely encrusted
by red algae, (c) bioclastic sands, (d–f) landslide composed of carbonate bioclastic deposits
(beachrocks?), (g–i) vertical walls and boulders in the Menorca Canyon head. Location of the
images is indicated with the letters on Fig. 29.1a. White bar corresponds to the length of 50 cmAQ4
coming from the degradation of the wide benthic assemblages present in the area 109
(Fig. 29.4c). Most of the rocks observed along the shelf margin and in the head 110
of the Menorca Canyon are likely composed of bioclastic deposits (Fig. 29.4d, e). 111
The substrate along the deep sub-vertical walls (Fig. 29.4f) is probably composed 112
of the Tertiary carbonate rocks outcropping on-land in Menorca. Dredge rock 113
samples collected on the 230 m deep landslide deposit (Fig. 29.2c) and in the 114
Menorca Canyon head (120 m) present the same lithological typology. Samples 115
correspond to graded bioclastic and lithoclastic cemented coarse sands to gravels 116
with a minor fine sediment component (Fig. 29.4d, e). Grains are sustained by 117
secondary carbonate cements and several entire or partially fragmented shells are 118
observed. 119
Parametric TOPAS sub-bottom profiles display typical downlap and toplap 120
geometries for the sedimentary body that defines the shelf break (Fig. 29.5). Below 121
the shelf break the seismic facies is initially well stratified and sub-parallel in 122
areas where the seafloor shows relatively smooth relief. The stratified facies are 123
often truncated at scarps 10–20 m high that root at distinct stratigraphic levels 124
(Fig. 29.5). In deeper water with a more gullied relief some stratification is visible, 125
although this is masked by the presence of hyperbolae induced by canyon roughness. 126
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Fig. 29.5 TOPAS high-resolution parametric profile displaying slab slides on the upper slope of
the southern Balearic Margin. See Fig. 29.1a for the location of the profile
The canyon’s thalweg often displays opaque acoustic facies, but in some instances 127
transparent deposits are observed within the canyons or at their foot. 128
29.5 Discussion 129
29.5.1 Factors Pre-conditioning Failure in Sediment Starved 130
South Balearic Margin 131
The South Balearic margin is devoid of significant seismic activity and sedimenta- 132
tion rates are low (from 0.2 to 0.9 m kyr1) (Betzler et al. 2011), without major rivers 133
delivering sediment in the adjacent coastal zone. Nevertheless, the large amount 134
of scars and slab-like features surprisingly indicate a dominance of mass-wasting 135
processes (Fig. 29.1b). Most of these landslides, however; appear to be associated 136
to canyon heads and flanks. The bathymetric data, particularly the southern half, 137
shows that there is a clear distinction in slope smoothness between the upper and 138
lower continental slope and that most of the incisions do not indent the shelf edge 139
(Fig. 29.1). Also the prominent knickpoints observed within some of the canyons 140
and gullies (Fig. 29.3) highlight backward erosion processes along those canyons. 141
The ultimate process responsible for such backward erosion is not clear from the 142
data set presented in this study, but it is tentatively ascribed to nowadays inactive 143
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tectonic features such as the Emile Baudot Escarpment (Acosta et al. 2001). Along 144
the SW Mallorca slope, slope failure appears to be associated with drift deposits 145
(Lu¨dmann et al. 2012). Contrary to that area, we hypothesize that mass-wasting 146
in the SE Balearic margin is mainly driven by local slope steepening, canyon 147
undercutting and axial incision, with slope gradients of around 5ı along the open 148
slope affected by mass wasting processes, 3ı along the canyon axis and 30ı across 149
the headwall scarps. The gullies, channels and tributaries that drain into the Menorca 150
Canyon (north of the spur with a mass transport deposit sitting on it, MTD in 151
Fig. 29.2c) appear to have a profile that is more in equilibrium, which would explain 152
significantly lower mass-wasting activity compared to those that drain the southern 153
Mallorca slope. It is worth noting, that some of the canyons and gullies also display 154
cyclic steps (Fig. 29.2d): these are believed to be formed by hydraulic jumps in 155
which a flow makes a rapid change from thin, rapid supercritical flow to thick, 156
tranquil sub-critical flow (Fildani et al. 2006). However, repeated lake surveys and 157
analog experiments have shown that cyclic steps and knickpoint migration can also 158
be controlled by submarine landslides (Tourmel et al. 2010). 159
Translational landslides are common features in the upper slope, with downslope 160
dipping strata inducing the sliding of large slabs, conferring a local stratigraphic 161
control in their generation (Figs. 29.1a and 29.2a, d) and implying that weak layers 162
may be a factor in controlling sediment stability. Nonetheless available data do 163
not allow to highlight the occurrence of weak layers as preferential sliding planes. 164
Evidences of rocky landslides and small avalanches can be found in the cutting 165
of strata heads along the southern Menorca slope and Mallorca shelf, creating 166
sub-vertical to overhanging walls along the shelf edge and canyon heads and 167
flanks (Figs. 29.2 and 29.4). Collected rocks are most probably part of Quaternary 168
sedimentary bodies formed in shallow coastal environments during low sea level 169
conditions. Mechanisms that would explain those landslides involve depositional 170
steepening and loading of the upper slope by cemented planar deposits. 171
29.5.2 Relevance and Timing of Mass/Wasting Processes 172
in Shaping the South Balearic Insular Margin 173
Data suggest that mass wasting is a pervasive and widespread sedimentary processes 174
along the southern margin of the Menorca Channel (Fig. 29.1a, b). More than 175
700 km2 of the 1,000 km2 covering the entire study area are carved by landslide 176
scarps, gullies and submarine canyons, corresponding to 82 % of the mapped slope 177
region. This shows the relevance of sediment instability processes in slope shaping 178
sediment-undersupplied insular margins. Absence of fluvial inputs and reduced 179
clastic sedimentation can contribute to the formation of a thin Plio-Quaternary 180
succession over a steep structurally controlled margin, favoring the dominance of 181
erosive processes over depositional regimes (see also Micallef et al. 2013). Given 182
their extension, retrograding mass transport processes have been likely carving the 183
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slope region for a relatively long time. We infer that most landslides probably 184
occurred during the glacial phases, when the outer shelf-upper slope system and 185
the canyon heads suffered stronger hydrodynamic conditions related to storms and 186
sediment transport processes (Hernandez-Molina et al. 2002; Lo Iacono et al. 2011). 187
On top of that, occurrence of biogenic encrustations by benthic communities such 188
as sponges, bryozoans and cold water corals on most of the landslide scars, in some 189
case extensively covering large surfaces (Fig. 29.4b), demonstrate a reduced activity 190
in the present-day, although univocal and reliable data on accretion rates of observed 191
benthic organisms are still not available in scientific literature. 192
29.6 Conclusions 193
Multi beam bathymetry and high resolution seismic data reveal widespread presence 194
of mass wasting features in the southern margin of the Menorca Channel, Balearic 195
Islands (Western Mediterranean). Open slope translational landslides, gullies and 196
submarine canyons and channels are the most prominent sediment instability 197
features mapped in the area. Data suggest that dynamics of gravity processes in 198
the area results from the interaction between backward erosion on structurally 199
controlled slopes, stratigraphy and Quaternary sea level oscillations. Mass wasting 200
features cover up to the 80 % of the mapped slope region and suggest a preponderant 201
role in shaping sediment-undersupplied insular margins. Nonetheless, video runs 202
from the study area did not show fresh scars and/or landslide deposits, advocating 203
for a present-day inactivity of mass movement processes, as also confirmed by the 204
extension of encrusting organisms over the observed features. 205
Acknowledgements This work was supported by the FP7 2011–2013 EU Marie Curie Action 206
“Geo-Habit” – GA29874 and by the European project INDEMARES (Life-NAT/E/000732). 207
UNESCO and IUGS are also acknowledged for funding through project IGCP-585. Reviewers 208
Joshu Montjuoy (NIWA –Taihoro Nukurangi, New Zealand) and Claudia Romagnoli (Universita´ 209
di Bologna, Italy) are thanked for their comments and positive criticism. 210
References 211
Acosta J, Mun˜oz A, Herranz P et al (2001) Geodynamics of the Emile Baudot escarpment and the 212
Balearic Promontory, western Mediterranean. Mar Pet Geol 18:349–369 213
Acosta J, Canals M, Lopez-Martine`z J et al (2002) The Balearic Promontory geomorphology 214
(western Mediterranean): morphostructure and active processes. Geomorphology 49:177–204 215
Barbera` C, Moranta J, Ordines F et al (2012) Biodiversity and habitat mapping of Menorca Channel 216
(western Mediterranean): implications for conservation. Biodivers Conserv 21:701–728 217
Betzler C, Braga JC, Jaramillo-Vogel D et al (2011) Late Pleistocene and Holocene cool-water 218
carbonates of the Western Mediterranean Sea. Sedimentology 58:643–669 219
Camerlenghi A, Accettella D, Costa S et al (2009) Morphogenesis of the SW Balearic continental 220
slope and adjacent abyssal plain, Western Mediterranean Sea. Int J Earth Sci 98:735–750 221
UN
CO
RR
EC
TE
D
PR
OO
F
C. Lo Iacono et al.
Chaytor JD, ten Brink US, Solow AR et al (2009) Size distribution of submarine landslides along 222
the U.S. Atlantic margin. Mar Geol 264:16–27 223
Fildani A, Normark WR, Kostic S et al (2006) Channel formation by flow stripping: large- 224
scale scour features along the Monterey East Channel and their relation to sediment waves. 225
Sedimentology 53:1265–1287 226
Hampton MA, Lee HJ, Locat J (1996) Submarine landslides. Rev Geophys 34:33–59 227
Hernandez-Molina FJ, Somoza L, Va`zquez JT et al (2002) Quaternary stratigraphic stacking 228
patterns on the continental shelves of the southern Iberian Peninsula: their relationship with 229
global climate and palaeoceanographic changes. Quat Int 921:5–23 230
IGN Catalogue – Instituto Geografico Naciona´l. www.ign.esAQ5 231
Lo Iacono C, Sulli A, Agate M, Lo Presti V, Pepe F, Catalano R (2011) Submarine canyon 232
morphologies in the Gulf of Palermo (Southern Tyrrhenian Sea) and possible implications for 233
geo-hazard. Mar Geophys Res 32:127–138 234
Lu¨dmann T, Wiggershaus S, Betzler C et al (2012) Southwest Mallorca Island: a cool-water 235
carbonate margin dominated by drift deposition associated with giant mass wasting. Mar Geol 236
307–310:73–87 237
Mauffret A, Frizon de Lamotte D et al (2004) E–W opening of the Algerian Basin (Western 238
Mediterranean). Terra Nova 16:257–264 239
Micallef A, Georgiopoulou A, Huvenne V et al (2013) The Malta-Sicily Escarpment: massAQ6 240
movement dynamics in a sediment-undersupplied margin. In: Krastel S, Behrmann J-H, Vo¨lker 241
D, Stipp M, Berndt C, Urgeles R, Chaytor J, Huhn K, Strasser M, Harbitz CB (eds) Submarine 242
mass movements and their consequences, 6th international symposium. Springer, Heidelberg, 243
pp XX–XX 244
Tourmel D, Locat J, Parker G (2010) Upstream migration of knickpoints: geotechnical considera- 245
tions. In: Yamada Y et al (eds) Submarine mass movements and their consequences. Springer, 246
Dordrecht, pp 123–131 247
USGS National Earthquake Information Centre – NEIC. http://earrthquake.usgs.gov/regional/neic 248
Weaver PPE, Wynn RB, Kenyon NH et al (2000) Continental margin sedimentation, with special 249
reference to the north-east Atlantic margin. Sedimentology 47:239–256 250
UN
CO
RR
EC
TE
D
PR
OO
F
AUTHOR QUERIES
AQ1. Please confirm the affiliations.
AQ2. Please confirm head levels.
AQ3. Reference Huhnerbach et al. (2004) has not been provided in the reference
list. Please provide.
AQ4. Please confirm part labels (g–i) in Fig. 30.4.
AQ5. Please provide complete details for the references “IGN Catalogue : : : ” and
“USGS National : : : ”.
AQ6. Please update page range for Reference Micallef et al. (2013).
